We investigate the weak decays of B c mesons in Cabibbo-Kobayashi-Maskawa favored and suppressed modes. We present a detailed analysis of the B c meson decaying to vector meson (V ) and axial-vector meson (A) in the final state. We also give the form factors involving B c → A transition in the Isgur-Scora-Grinstein-Wise II framework and consequently, predict the branching ratios of B c → V A and AA decays.
I. INTRODUCTION
The B c meson was first discovered by CDF collaboration at Fermilab [1] in 1998. At present, a more precise measurement of its mass and life time is available in Particle Data Group (PDG) [2] i.e. M Bc = 6.277 ± 0.006 GeV and τ Bc = (0.453 ± 0.042) × 10 −12 s. It is believed that LHC-b is expected to produce 5 × 10 10 events per year [3] [4] [5] [6] , which is around 10% of the total B meson data. This will provide a rich amount of information regarding B c meson.
The B c meson is a unique Standard Model (SM) particle which is quark-antiquark bound state (bc) consisting two heavy quarks of different flavors and, therefore, is flavor asymmetric. The study of B c meson is of special interest as compared to the flavor-neutral heavy quarkonium (bb, cc) states, as it only decays via weak interactions, while the later predominantly decays via strong interactions and/or electromagnetic interactions. The decay processes of the B c meson can be divided into three categories involving: (i ) decay of the b quark with c-quark being spectator, (ii ) decay of the c quark with b-quark being spectator, (iii ) the relatively suppressed annihilation of b andc which is ignored in present work. One can find several theoretical works based on a variety of quark models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] for the semileptonic and nonleptonic decays of B c emitting s-wave mesons, pseudoscalar (P ) and vector (V ) mesons. A relatively less attention has been paid to the p-wave meson emitting weak decays of B c meson [19] [20] [21] [22] [23] [24] [25] . In recent past, several relativistic and non relativistic quark models [13, 15, [19] [20] [21] [22] are used employing factorization approach to calculate branching ratios (BRs) of B c meson decaying to a p-wave charmonium (cc) in the final state. Most recently, Salpeter Method [24] and Improved Bethe-Salpeter Approach [25] are used to probe non-leptonic decays of B c meson. On experimental side, more measurements regarding B c meson will be available soon at Large Hadron Collider (LHC), LHC-b and Super-B experiments. A high precision instrumentation at these experiments may provide precise measurement of BRs of the order of (10 −6 ), which makes study of B c meson decays more interesting. The developing theoretical and experimental aspects of the B c meson physics motivate us to investigate weak hadronic decays of B c meson emitting vector (V ) and axial-vector (A) mesons in the final state. We employ the improved Isgur-ScoraGrinstein-Wise quark model (known as ISGW II Model) [26, 27 ] to obtain B c → A transition form factors. Using the factorization approach, we calculate the decay amplitudes and predict branching ratios of B c → V A/AA decays. For B c → V transition form factors we rely on our previous work [18] based on flavor dependence effects in Bauer-Stech-Wirbel (BSW) model frame work [28] .
The presentation of the article goes as follows. We discuss the mass spectrum and the methodology in Sections II and III, respectively. Decay constants are discussed in Section IV. We present the B c → A transitions form factor in ISGW II Model and give a brief account for B c → V transitions form factors in Section V, respectively. Consequently, the branching ratios are estimated. Results and discussions are presented in Section VI and last Section contains summary and conclusions.
II. MASS SPECTRUM
Two types of axial-vector mesons exist, 3 P 1 (J P C = 1 ++ ) and 1 P 1 (J P C = 1 +− ), with respect to the quark modelassignments. These states can exhibit two kinds of mixing behavior: one, mixing between 3 P 1 or 1 P 1 states themselves; second, mixing among 3 P 1 or 1 P 1 states. The following non-strange and uncharmed mesons states have been observed experimentally [2] : a) 3 P 1 multiplet consists: isovector a 1 (1.230) and four isoscalars f 1 (1.285), f 1 (1.420), f ′ 1 (1.512) and χ c1 (3.511); b) 1 P 1 multiplet consists: isovector b 1 (1.229) and three isoscalars h 1 (1.170), h ′ 1 (1.380) and h c1 (3.526) , where spin and parity of the h c1 (3.526) and C-parity of h ′ 1 (1.380) remain to be confirmed 1 .
In the present work, we use the following mixing scheme for the isoscalar (1 ++ ) mesons: 
with φ A(A ′ ) = θ(ideal) − θ A(A ′ ) (physical).
It has been observed that f 1 (1.285) → 4π/ηππ, f ′ 1 (1.512) → KKπ, h 1 (1.170) → ρπ and h ′ 1 → KK * /KK * predominantly, which seems to favor the ideal mixing for both 1 ++ and 1 +− nonets i.e.,
The hidden-flavor diagonal 3 P 1 and 1 P 1 states have opposite C-parity and therefore, cannot mix. However, their is no restriction on such mixing in strange and charmed states, which are most likely a mixture of 3 P 1 and 1 P 1 states. States involving strange partners of A (J P C = 1 ++ ) and A ′ (J P C = 1 +− ) states i.e. K 1A and K 1A ′ mesons mix to generate the physical states in the following manner:
Numerous analysis based on phenomenological studies indicate that strange axial vector meson states mixing angle θ K lies in the vicinity of ∼ 35 • and ∼ 55 • , see for details [29] . Experimental information based on τ → K 1 (1.270) / K 1 (1.400) + ν τ data yields θ K = ± 37 • and θ K = ± 58 • [30] . However, the negative mixing angle solutions are favored by D → K 1 (1.270)π /K 1 (1.400)π decays and experimental measurement of the ratio of K 1 γ production in B decays [31] . Following the discussions given in Ref. [29] , which states that mixing angle θ K ∼ 35 • is preferred over ∼ 55 • , we use θ K = −37 • in our numerical calculations. It is based on the observation that choice of angle for f − f ′ and h − h ′ mixing schemes (which are close to ideal mixing) are intimately related to choice of mixing angle θ K .
In general, mixing of charmed and strange charmed states is given by
and
As pointed out in [31] , for heavy mesons the heavy quark spin S Q and the total angular momentum of the light antiquark can be used as good quantum numbers, separately. In the heavy quark limit, the physical mass eigenstates P 3/2 1 and P 1/2 1 with J P = 1 + can be expressed as a combination of 3 P 1 and 1 P 1 states as
Thus, the states D 1 (2.427) and D 1 (2.422) can be identified as P given by
Similarly, for strange charmed axial-vector mesons,
A detailed analysis by Belle [32] yields the mixing angle θ 2 = (−5.7 ± 2.4) • . while the quark potential model [33, 34] determines θ 3 ≈ 7 • .
For ω and φ vector mesons states, we consider ideal mixing i.e. ω =
(ss) [2] .
III. METHODOLOGY A. Weak Hamiltonian
The QCD modified weak Hamiltonian [35] generating the B c decay involving b → c transition in Cabibbo-Kobayashi-Maskawa (CKM) enhanced modes (∆b = 1, ∆C = 1, ∆S = 0; ∆b = 1, ∆C = 0, ∆S = −1) is given by
and CKM suppressed (∆b = 1, ∆C = 1, ∆S = −1; ∆b = 1, ∆C = 1, ∆S = 1; ∆b = 1, ∆C = −1, ∆S = −1; ∆b = 1, ∆C = −1, ∆S = 0) b → u transitions is given by
whereqq ≡qγ µ (1 − γ 5 )q, G F is the Fermi constant and V ij are the CKM matrix elements, c 1 and c 2 are the standard perturbative QCD coefficients, usually taken at µ ≈ m 2 b . In addition to the bottom changing decays, the bottom conserving decay channel is also available for the B c meson, where the charm quark decays to an s or a d quark. However, in case of B c → V A/AA decays, these modes are kinematically forbidden.
B. Decay Amplitudes
In generalized factorization hypothesis the decay amplitudes can be expressed as a product of the matrix elements of weak currents (up to the weak scale factor of
Using Lorentz invariance, the hadronic transition matrix elements [26] [27] [28] for the relevant weak current between meson states can be expressed as
where
Similarly, for axial vector meson states:
It may be noted that B c → A/A ′ transition form factors in ISGW II framework are related to BSW type form factor [28] notations i.e. A, V 0,1,2 as follows
Sandwiching the weak Hamiltonian (3.1) and (3.2) between the initial and the final states, the decay amplitudes for various B c → M A decay modes (M = V or A) can be obtained for the following three categories [28] 2. Class II transitions: consist of those decays which are caused by color suppressed diagrams.
The decay amplitude in this class is proportional to a 2 i.e. for the color suppressed modes
3. Class III transitions: these decays are caused by the interference of color singlet and color neutral currents and consists both color favored and color suppressed diagrams i.e. the amplitudes a 1 and a 2 interfere.
For numerical calculations, we follow the convention of taking N c = 3 to fix the QCD coefficients a 1 and a 2 , where we use [35] :
A detailed analysis regarding N c counting and role of color-octet current operators is available in [34] . It may be noted that N c , number of color degrees of freedom, may be treated as a phenomenological parameter in weak meson decays, which account for non-factorizable contributions. It implies that the effective expansion parameter is something like, 1/(4π)N c , 1/N 2 c ... or non-leading 1/N c terms are suppressed by some reason [35] . In order to study the variation in decay rates and branching ratios, we effectively vary the parameter N c from 3 to 10. The obtained results are thus presented as an average with uncertainties between branching ratios at N c = 3 to N c = 10. Taking in to account the constructive interference observed for B meson decays involving both the color favored and color suppressed diagrams [35] . We use the ratio a 2 /a 1 to be positive in the present calculations.
C. Decay Widths
Like vector meson (V ), axial-vector meson (A) also carry spin degrees of freedom, therefore, the decay rate [31] of B c → V A is composed of three independent helicity amplitudes H 0 , H +1 and H −1 , which is given by
where p c is the magnitude of the three-momentum of a final-state particle in the rest frame of B c meson and M = V or A. Helicity amplitudes H 0 , H +1 and H −1 are defined in terms of the coefficients a, b, and c as follows:
such that
The coefficient a, b and c describe the s-, d-and p-wave contributions, respectively. m M and m A denotes masses of respective mesons.
IV. DECAY CONSTANTS
The decay constants for axial-vector mesons are defined by the matrix elements given in the previous section. It may be pointed out that the axial-vector meson states are represented by 3 × 3 matrix and they transform under the charge conjugation [30] as
Since the weak axial-vector current transfers as (A µ ) b a → (A µ ) a b under charge conjugation, the decay constant of the 1 P 1 meson should vanish in the SU(3) flavor limit [30] . Experimental information based on τ decays gives decay constant f K 1 (1270) = 0.175±0.019 GeV [20, 31] , while decay constant for K 1 (1.400) can be obtained from relation
• used in the present work [31] . In case of non-strange axialvector mesons, Nardulli and Pham [36] used mixing angle for strange axial vector mesons and SU(3) symmetry to determine f a 1 = 0.223 GeV for θ 1 = −58 • . Since, a 1 and f 1 lies in the same nonet we assume f f 1 ≈ f a 1 under SU(3) symmetry. Due to charge conjugation invariance decay constants for 1 P 1 nonstrange neutral mesons b 0 1 (1.235), h 1 (1.170), and h ′ 1 (1.380) vanish. Also, owing to G-parity conservation in the isospin limit decay constant f b 1 = 0.
For decay constants of charmed and strange charmed states, we use f
= 0.038 GeV, and f χ c1 ≈ −0.160 GeV [34, 37] . On the other hand, the decay constants for vector mesons are relatively trivial, we use f ρ = 0.221
and f J/ψ = 0.411 GeV [2, 15, 31, 37] in numerical calculations.
V. FORM FACTORS
In this section, we give a short description to calculate B c → A and B c → V transition form factors.
We use ISGW II Model [27] to calculate B → A/A ′ transition form factors. ISGW model is a non-relativistic constituent quark model [26] , which obtain an exponential q 2 -dependence of the form factors. It employ variational solutions of the Schrdinger equation based on the harmonic oscillator wave functions, using the coulomb and linear potential. In general, the form factors evaluated are considered reliable at q 2 = q 2 m , the maximum momentum transfer (m B − m X ) 2 . The reason being that the form-factor q 2 -dependence in the ISGW model is proportional to e −(q 2 m −q 2 ) and hence the form factor decreases exponentially as a function of (q 2 m − q 2 ). This has been improved in the ISGW II model [27] in which the form factor has a more realistic behavior at large (q 2 m − q 2 ) which is expressed in terms of a certain polynomial term. In addition to this, the ISGW II model incorporates a number of improvements, such as the heavy quark symmetry constraints, heavy-quark-symmetry-breaking color magnetic interaction, relativistic corrections etc.
The form factors have the following simplified expressions in the ISGW II model for B c → A/A ′ transitions caused by b → c quark transition [26, 27] :
t(≡ q 2 ) dependence is given byω
The function F 5 is given by
with
m is the sum of the mesons constituent quarks masses,m is the hyperfine averaged physical masses, n f is the number of active flavors, which is taken to be five in the present case, t m = (m Bc − m A ) 2 is the maximum momentum transfer and µ QM is the quark model scale. The values of parameter β for different s-wave and p-wave mesons [26, 27] are given in the Table I . We use the following quark masses Tables II and III . It may be pointed out that the form factors are sensitive to the choice of quark masses. The variation in quark masses, particularly light quark sector, may lead to uncertainties in the form factors therefore we allowed certain range based on literature [38] . These uncertainties in the form factors are shown in Tables II and III .
For B c → V transition form factors we use our previous work [18] based on BSW framework [28] , in which, one of the authors investigated the possible flavor dependence in B c → P/V form factors and consequently in B c → P P/P V decay widths. It may be noted that BSW model [28] the form factors depend upon the average transverse quark momentum inside a meson ω, which is fixed in the model to 0.40 GeV. However, it has been pointed out that ω being a dimensional quantity, may show flavor dependence. Therefore, it may not be justified to take the same ω for all the mesons. Following the analysis described in [18] , we estimate ω for different mesons from Here also, variation in α s may lead to uncertainty in quark masses [38] and consequently in form factors. For further details we refer the interested reader to [18] . We find that all of the form factors get significantly enhanced due to flavor dependence of ω. The obtained form factors along with corresponding uncertainties due to variation in quark masses are shown in Table IV .
It may also be noted that consistency with the Heavy Quark Symmetry (HQS) requires certain form factors such as F 1 , A 0 , A 2 and V to have dipole q 2 -dependence [28] . Therefore, we use the following q 2 -dependence for different form factors:
with appropriate pole masses m i .
VI. RESULTS AND DISCUSSIONS
Using the decay constants and form factors described in Section IV and V, respectively, we predict the branching ratios of B c → V A and B c → AA decays in CKM favored and CKM suppressed modes.
The Branching ratios for B c decaying to a vector and an axial-vector meson in the final state for CKM favored and CKM suppressed modes are given in column 2 of Tables V-X. We also give the helicity amplitudes of corresponding decay channels in columns 3, 4 and 5 of respective Tables V-X. We observe the following: 3. It may be noted that the branching ratios for B c → V A decays are higher for axial-vectors A( 3 P 1 ) in the final state as compared to A( 1 P 1) with same quark content except for strange axial meson emitting decays, which are roughly of the same order.
4. We find that longitudinal helicity amplitudes are higher in magnitude for all the decay modes.
For CKM suppressed modes 4. Here also, branching ratios for decays involving A( 3 P 1 ) mesons in the final state are higher than their A( 1 P 1 ) partners for same flavor content. However, for decays involving K 1 and K1 the branching ratios are of same order.
5. The longitudinal helicity amplitudes for the CKM suppressed decays show same trend as observed in CKM favored modes.
The calculated branching ratios for B c decaying to two axial-vector mesons in the final state for CKM favored and CKM suppressed modes are given in column 2 of Tables XI-XVI. The corresponding helicity amplitudes of decay channels are presented in columns 3, 4 and 5 of Tables XI-XVI. Here also, the uncertainties in the obtained results caused by N c variation and quark mass variation in the form factors, respectively, are given in Tables XI-XVI. We made the following observations:
For CKM favored modes 4. In the present analysis, we observe that magnitude of longitudinal helicity amplitude are higher for all the decay modes except for decays involving cc meson in the final state. In such decays transverse helicity amplitude H − has larger magnitude.
For CKM suppressed modes It may also be noted that effective variation in N c leads to the change in amplitude and hence, branching ratios of these decays. The branching ratios of color favored class I decays show ∼ 6% variation in the central value and color suppressed class II decays show variation of ∼ 30%. However, class III decays involving both color favored and color suppressed diagrams show a variation from 7% to 15%.
We wish to emphasize that with remarkable improvements in experiment and sophisticated instrumentation branching ratios of the order of (10 −6 ) could be measured precisely [39] at LHC, LHC-b and Super-B factories in near future. Therefore, it may provide the necessary information for phenomenological study of B c meson physics.
Since, there is no experimental information available at present for such decays, we compare our results with other theoretical works (see Table XVII ). There are several theoretical models like Bethe-Salpeter approach (BSA) [25] , Relativistic Quark Model (RQM) [13, 23] , Non Relativistic Quark Model (NRQM) [15] etc. which give their predictions for B c → V A decays with charmonium in the final state. We find that results given by different models are comparable with some exceptions. We have used a 1 = 1.12 to obtain branching ratios for these models in Table of comparison. It may be noted that H.F. Fu et al. [24] also predict branching ratios of few decay modes namely
. Their predictions are lager than our results by an order of magnitude except for B − c → χ c1 D * − which is comparable to our prediction. In addition to these, H.F. Fu et al. [24] predict branching ratios of
K * 0 decays based on contributions from penguin diagrams which we ignore in the present analysis. We wish remark here that for B c → AA decays, theoretical predictions for only four decay channels are available for comparison i.e. [24] . Here also, branching ratios predicted in present work are small as compared to results given by [24] .
VII. SUMMARY AND CONCLUSIONS
In the present work we have calculated B c → A transition form factors using ISGW II model framework. Consequently, we have predicted branching ratios of B c → V A/AA decays. We have used flavor dependent B c → V transition form factors in BSW Model framework. Also, we have calculated the helicity components corresponding to different polarization amplitudes in B c → V A/AA decays. We draw the following conclusions:
1. In case of B c → V A mode, CKM enhanced (∆b = 1, ∆C = 1, ∆S = 0) dominant decays are B − c → J/ψa
. Their branching ratios range from 10 −3 − 10 −11 . Since, LHC and LHC-b are expected to accumulate data for more than 10 10 B c events per year, we hope that predicted BRs would be measured soon in these experiments. 
Branching ratios of CKM enhanced modes in case of
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